Increasing evidence indicates that both the angiotensin II (ANG II) and ␥-aminobutyric acid (GABA) systems play a very important role in the regulation of blood pressure (BP). However, there is little information concerning the interactions between these two systems in the nucleus tractus solitarii (NTS). In the present study, we examined the effects of ANG II on GABA A and GABAB receptor (GAR and GBR) expression in the NTS of Sprague-Dawley rats. The direct effect of ANG II on GBR expression was determined in neurons cultured from NTS. Treatment of neuronal cultures with ANG II (100 nM, 5 h) induced a twofold increase in GBR1 expression, as detected with real-time RT-PCR and Western blots, but had no effect on GBR2 or GAR expression. In electrophysiological experiments, perfusion of neuronal cultures with the GBR agonist baclofen decreased neuronal firing rate by 39% and 63% in neurons treated with either PBS (control) or ANG II, respectively, indicating that chronic ANG II treatment significantly enhanced the neuronal response to GBR activation. In contrast, ANG II had no significant effect on the inhibitory action of the GAR agonist muscimol. In whole animal studies, intracerebroventricular infusion of ANG II induced a sustained increase in mean BP and an elevation of GBR1 mRNA and protein levels in the NTS. These results indicate that ANG II stimulates GBR expression in NTS neurons, and this could contribute to the central nervous system actions of ANG II that result in dampening of baroreflexes and elevated BP in the central actions of ANG II. ␥-aminobutyric acid; blood pressure IT IS ESTABLISHED that the angiotensin system within central cardiovascular control regions exerts regulatory influences in the control of blood pressure (BP) and plays an important role in the development and establishment of hypertension (2, 8, 12, 22) . The central nervous system (CNS)-mediated cardiovascular actions of angiotensin II (ANG II) include stimulation of sympathetic nervous system (SNS) outflow, vasopressin release, and dampening of baroreflexes, via stimulation of angiotensin type 1 receptors (AT 1 R) in the nucleus tractus solitarii (NTS), a brain area that makes an important contribution to baroreflex integration and BP regulation (21, 30) . Acute microinjection of ANG II into the medial portion of the NTS produces decreases or increases in BP depending on the volume injected, dose, and region of the ANG II injection (1, 7, 9, 38) . The cardiovascular actions of ANG II are mediated not only by acute modulation of neuronal transmission and neuronal activity but also via changes in gene expression that influence long-term BP regulation. However, the identity of the particular genes that are altered by and mediate the chronic actions of ANG II is not established.
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It is well known that CNS GABAergic systems play a key role in cardiovascular regulation via stimulation of GABA B receptor (GBR) and GABA A receptor (GAR) in the NTS (6) . The ionotropic GAR has an intrinsic Cl Ϫ channel, which is responsible for inducing fast inhibitory postsynaptic potentials. The GBR is a G protein-coupled receptor and regulates neuronal activity via activation of K ϩ channels (31) . The activation of K ϩ channels induces hyperpolarization of the neuronal membrane, which produces chronic inhibition of neuronal activity. A high density of both GAR and GBR and a high density of GABAcontaining nerve terminals have been found within the NTS (16) . Numerous studies have demonstrated that both GAR and GBR play an important role in the integration of baroreceptor afferent inputs and baroreflex function. Microinjection of the GAR agonist muscimol (24, 37) or the GBR agonist baclofen (5, 16, 25, 29) into the NTS produced a marked pressor response via inhibition of baroreflexes, elevation of sympathetic tone, and vasopressin release. Thus the preponderance of evidence indicates that the actions of GABA and ANG II within the NTS in BP and baroreflex regulation are very similar, suggesting that these factors may act via common cellular and/or intracellular mechanisms when influencing cardiovascular control. However, there is little information concerning the interactions between these two systems in BP regulation in the NTS.
In the present study, we examined whether GAR and/or GBR expression is altered in the NTS of rats infused centrally with ANG II and in cultured NTS neurons treated with ANG II. Our results indicate that GBR1 expression is enhanced in the NTS of normotensive Sprague-Dawley (SD) rats treated with chronic ANG II infusion and that chronic treatment of cultured NTS neurons with ANG II also induces an increase in GBR1 expression. This novel action of ANG II could contribute to ANG II-induced dampening of baroreflexes and the sustained elevation of arterial BP.
METHODS

Animals and materials.
In the experiments described here, we used adult male SD rats (270 -320 g) obtained from Charles River Farms (Wilmington, MA). Rats were housed individually and kept on a 12:12-h light-dark cycle in a climate-controlled room. Rat chow (Harlan Tekland, Madison, WI) and water were provided ad libitum. One-day-old SD rat pups were used for the preparation of primary neuronal cultures. All animal protocols were approved by the North Dakota State University Institutional Animal Care and Use Committee (protocol A0741).
Dulbecco's modified Eagle's medium (DMEM) and penicillinstreptomycin mix were obtained from Invitrogen (Grand Island, NY). Crystallized trypsin was from Worthington Biochemicals (Freehold, NJ). Rabbit anti-GBR antibody was purchased from Chemicon International (Temecula, CA). Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-mouse IgG were purchased from Invitrogen (Carlsbad, CA). Anti-neuron-specific nuclear protein [neuronal nuclei (NeuN)] monoclonal antibody was obtained from Millipore (Billerica, MA). Monoclonal anti-␣-internexin antibodies were purchased from Novus Biologicals (Littleton, CO). Plasma-derived horse serum (PDHS), deoxyribonuclease I (DNase I), ␤-cytosine arabinoside (ARC), ANG II, baclofen, muscimol, ATP, GTP, HEPES, and other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Preparation of neuronal cultures and identification of AT 1R-containing neurons. Neuronal cultures were prepared from dorsal brain stem including NTS taken from 1-day-old rats as described previously (35) . Briefly, trypsin (375 U/ml)-and DNase I (496 U/ml)-dissociated cells were resuspended in DMEM containing 10% PDHS and plated on 35-mm Nunc plastic tissue culture dishes precoated with poly-Llysine. After the cells were grown for 3 days at 37°C in a humidified incubator with 95% O2 and 5% CO2, they were exposed to 1 M ARC for 2 days in fresh DMEM containing 10% PDHS. ARC was then removed, and the cells were incubated with DMEM (plus 10% PDHS) for an additional 11-14 days before use. At the time of use, cultures consisted of 90% neurons and 10% astrocyte glia, as determined by immunofluorescent staining with antibodies against neurofilament proteins and glial fibrillary acidic protein (33) .
Neurons within these cultures contained AT1R and angiotensin type 2 receptors (AT2R), which are predominantly present in different cell populations (33) . The AT1R-positive neurons were identified with a single-cell RT-PCR technique published previously, with minor modifications (14). Glass patch pipettes were washed once in ethanol and three times in distilled water and were then autoclaved for 30 min. After electrophysiological recordings, the neuronal intracellular contents were drawn into the tip of the patch pipette with negative pressure. The procedure was performed carefully under a microscope equipped with a video monitoring system to avoid aspiration of the nucleus. The tip of pipette was then broken off inside an RT-PCR tube containing 5 l of RNase-free water, and regular RT-PCR was performed with a Super-Script III RT-PCR kit (Invitrogen). The RNA template from whole dishes was used as positive control, and the exclusion of RNA was used as negative control. The following primers were used to identify the AT1R: forward: 5Ј-CCAAAGTCACCTGCATCAATC-3Ј, reverse: 5Ј-CACAATCGCCATAATTATCCTA-3Ј.
Intracerebroventricular ANG II infusion and BP measurement. Intracerebroventricular (ICV) ANG II infusion was performed for 2 wk to induce hypertension in male rats. SD rats were fitted with Alzet minipumps (Durect, Cupertino, CA) under isoflurane inhalation as described previously (15) . Minipumps were filled with either physiological saline or ANG II, delivering 0.25 l/h for 2 wk for a final dose of ANG II of 15 ng ⅐ kg Ϫ1 ⅐ day Ϫ1 . Indirect BP was measured by the tail-cuff method as described previously (26) . After 2 wk, the animals were killed and the NTS was punched out for expression analysis.
Real-time RT-PCR. We used real-time PCR to detect changes in the expression of GAR, GBR, AT1R, and AT2R in the NTS of rats and in neuronal cultures. The isolation of total RNA from the NTS tissue and neuronal cultures was performed with RNeasy Mini Kits (Qiagen, Valencia, CA) according to the manufacturer's instructions. RNA purity and concentration were determined spectrophotometrically. For each RT-PCR reaction, 2 g of total RNA was converted into cDNA with reverse transcriptase (Qiagen). Genomic DNA was eliminated by DNase I. For real-time PCR, the reactions were conducted by placing 10 l of material into 96-well plates with the SYBR Green PCR kit or TaqMan PCR Master Mix (Applied Biosystems). Oligonucleotide primers specific for GARs were as follows and designed from the GenBank databases with Primer Express (Applied Biosystems):
The specific probes for AT1R, AT2R, GBR1, and GBR2 were obtained from Applied Biosystems, and RT-PCR was performed in an Applied Biosystems PRISM 7000 sequence detection system according to the protocol from the manufacturer. A comparative cycle of threshold fluorescence (C T) method was used with 18S rRNA as an internal control. The CT value for 18S was subtracted from the CT value for the gene of interest to give a ⌬CT for each sample. The ⌬CT of the control was then subtracted from each sample to give a ⌬⌬CT value. This was entered into the equation mRNA levels (fold increases of control) ϭ 2 Ϫ⌬⌬CT to give the final mRNA levels relative to the control. In each experiment, samples were analyzed in triplicate.
Immunohistochemistry. Neuronal cultures from neonatal rats were washed briefly with ice-cold Dulbecco's phosphate-buffered saline (PBS) and then fixed for 15 min with PBS containing 0.1% Tween 20 (PBS-Tween) and 4% formaldehyde. Dishes were then washed briefly with PBS-Tween. Goat serum (10%) in PBS-Tween was added to the dish for 30 min at 37°C to reduce nonspecific binding, followed by an additional wash with PBS-Tween. Primary antibodies (rabbit anti-GBR1, 1:500; anti-␣-internexin monoclonal antibody, 1:500), diluted in a 0.3-ml total volume of PBS-Tween, were added to the dish and incubated overnight at 4°C. After two 30-min washes with PBS-Tween, the neurons were incubated with secondary antibodies (Alexa Fluor 488 goat anti-rabbit IgG, 1:1,000; Alexa Fluor 594 goat antimouse IgG, 1:1,000), washed twice for 30 min each time with PBS-Tween, and mounted with antibleaching medium and a glass coverslip. The staining was detected with a confocal fluorescence micro- scope, and the fluorescent images were collected and analyzed with computer software as described below.
For GBR staining in the NTS in situ, rats were perfused transcardially with 50 ml of saline followed by 50 ml of 4% paraformaldehyde in PBS. The brain stem was removed, postfixed in 4% paraformaldehyde solution for 1 h, and transferred to PBS containing 20% sucrose. Frozen brain tissues were sectioned in the coronal plane. The NTS sections, identified with a rat brain atlas, were incubated with PBS plus 0.5% Tween 20 (PBS-T) containing 5% goat serum for 60 min. Slices were incubated with primary antibodies (anti-NeuN monoclonal antibody, 1:500; rabbit anti-GBR1, 1:500) overnight at 4°C. After being washed with PBS-T, the sections were incubated with secondary antibodies (Alexa Fluor 488 goat anti-rabbit IgG, 1:1,000; Alexa Fluor 594 goat anti-mouse IgG, 1:1,000) for 2 h. The sections were then washed with PBS-T, and staining was detected with a confocal fluorescence microscope (Olympus, Fluoview FV300), which was connected to a computer to capture and analyze images with Flowview software. The NTS area was focused to scan the image of neurons located on the surface of brain sections with x-y scanning mode. After the current scanning position was set at 0 m, 50 slides around this level were scanned from Ϫ5 m to ϩ5 m at steps of 0.20 m. These 50 images were then stacked and saved in the computer hard drive for each channel, followed by image analysis with Flowview software. In these double-immunolabeling experiments, two different neuronal markers, anti-␣-internexin and anti-NeuN antibodies, were used for the cultured neurons and NTS sections, respectively. This selection is based on our past immunocytochemistry experience and published literature, which demonstrates that ␣internexin is especially useful for labeling cultured neurons (3) whereas NeuN can be used as a specific neuronal marker for immunostaining neurons in brain sections (20) . Each treatment condition was run in triplicate within experiments.
Western blot analysis. GBR1 protein levels in neuronal cultures and rat brain sections [NTS and paraventricular nucleus (PVN)] were assessed by Western blot analysis as described previously (35) . Briefly, neuronal cultures were washed with ice-cold PBS and scraped into a lysing buffer containing 20 mM Tris ⅐ HCl (pH 6.8), 150 mM NaCl, 10% glycerol, 1% NP-40, and 8 l/ml inhibitor cocktail (125 mM PMSF, 2.5 mg/ml aprotinin, 2.5 mg/ml leupeptin, 2.5 mg/ml antipain, and 2.5 mg/ml chymostatin). The samples underwent sonication twice for 5 s each and were centrifuged at 8,000 rpm for 10 min at 4°C. The supernatant was saved for protein assay. The micropunched NTS or PVN tissue from brain sections of saline-or ANG II-treated rats was treated with 1 ml of the same lysis buffer, homogenized for 15 s, boiled for 3 min, ultrasonicated, and centrifuged as above. Supernatants were transferred into new tubes and stored in a Ϫ80°C freezer. The protein concentration was determined with a protein assay kit (Bio-Rad Laboratories, Hercules, CA). An aliquot of 20 g of protein from each sample was separated on a 10% SDS-PAGE gel and was transferred onto nitrocellulose membranes for 2 h at 100 V. After a 10-min wash in PBS-T, membranes were blocked in PBS-T containing 10% milk and 1% BSA for 3 h, followed by an overnight incubation in rabbit anti-GBR1 antibody (dilution 1:500) at 4°C. After a 15-min wash in PBS-T, four 5-min washes in PBS-T were carried out, and membranes were then incubated for 2 h in an anti-rabbit peroxidase-conjugated antibody (dilution 1:15,000). Immunoreactivity was detected by enhanced chemiluminescence autoradiography (ECL Western blotting detection kit, Amersham Pharmacia Biotechnology), and film was analyzed with Quantity One Software (Bio-Rad).
Electrophysiological recordings. Spontaneous action potentials were recorded with the whole cell patch-clamp technique in currentclamp mode, as described previously (35, 36) . Briefly, cultured neurons (11-14 days old) were bathed in a solution containing (in mM) 140 NaCl, 5.4 KCl, 2.0 CaCl 2, 2.0 MgCl2, 0.3 NaH2PO4, 10 HEPES, and 10 dextrose, pH 7.4 (NaOH). Experiments were performed with an Axopatch-200B amplifier and Digidata 1200 interface (Axon Instruments, Burlingame, CA) at room temperature. Data acquisition and analysis were performed with the use of pCLAMP 8.0. Neurons in the culture dish (volume 1.5 ml) were superfused at a rate of 2-4 ml/min. The patch pipettes were filled with an internal pipette solution containing (in mM) 140 KCl, 2 MgCl 2, 4 ATP, 0.1 guanosine 5Ј-triphosphate, 10 dextrose, and 10 HEPES, pH 7.2 (KOH) and had resistances of 3-4 M⍀. The whole cell configuration was formed by applying negative pressure to the patch electrode. The resting membrane potential was defined as the potential within a time period of 1 s during which there was no spontaneous action potential firing. Neuronal firing rate was measured as the numbers of fully developed action potentials per second (Hz). In individual experiments, test agents were added sequentially in the superfusate.
Data Analysis. All data are expressed as means Ϯ SE. Comparisons between experimental groups were performed with ANOVA followed by a Newman-Keuls test. Differences were considered significant at P Ͻ 0.05, and individual P values are noted in Figs. 1 and 3-6.
RESULTS
Effect of ANG II on GAR, GBR, AT 1 R, and AT 2 R mRNA levels in neuronal cultures. First, we examined the direct effect of ANG II on GBR expression in neurons cultured from dorsal brain stem including the NTS. The neuronal cultures were prepared from 1-day-old SD rats as described in METHODS and were treated under the following conditions: control solution (PBS), ANG II (100 nM), and ANG II (100 nM) plus losartan (1 M) for 5 h at 37°C followed by analysis of GBR1 and GBR2 mRNA levels with real-time RT-PCR. Data from four experiments were normalized to 18S RNA and expressed as fold increase compared with control. The results shown in Fig. 1A demonstrate that ANG II treatment resulted in a twofold increase in the mRNA levels of GBR1 but did not alter GBR2 mRNA levels. Coincubation with 1 M losartan completely attenuated the ANG II-induced increase in GBR1 expression (Fig. 1A) . Losartan (1 M) alone had no significant effect on the basal levels of neuronal GBR1 and GBR2 (data not shown). These data indicate that ANG II enhanced GBR1 expression via stimulation of AT 1 R. In addition, we also examined the effect of ANG II on GAR, AT 1 R, and AT 2 R mRNA levels to test whether the ANG II-induced enhancement of GBR1 expression is secondary to the alteration of GAR, AT 1 R, or AT 2 R expression in neurons. These results are shown in Fig. 1B and indicate that ANG II treatment (100 nM, 5 h) did not change GAR␣1, GAR␥2, AT 1 R, or AT 2 R mRNA levels in the neuronal cultures.
ANG II increases GBR1 protein levels in cultured NTS neurons. The effect of ANG II on GBR1 expression in NTS neuronal cultures was examined via immunohistochemistry and Western blotting. Immunohistochemical experiments using a GBR1-specific antibody and an antibody against the neuron-specific marker ␣-internexin revealed that GBR1 immunoreactivity was primarily localized to neurons (Fig. 2) . To determine whether ANG II increases GBR1 expression in these cells, neuronal cultures from rats were incubated with ANG II (100 nM) for 0.25, 0.5, 1, 3, 5, 12, 24, or 36 h, followed by analysis of GBR1 protein expression with Western blots. The results indicate that in NTS neurons ANG II begins to produce an increase in GBR1 expression within 30 min and the effect reaches a maximum by 3-5 h. This action of ANG II persisted through 36 h (Fig. 3, A and B) . These observations were also confirmed by examining the effect of ANG II on the mRNA level of GBR1 at each time point with real-time PCR (Fig. 3C) .
Effect of ANG II on neuronal responsiveness to GBR agonist baclofen. To examine the functional interactions between the GABA and angiotensin systems, the effect of the GBR agonist baclofen on neuronal firing rate was examined in AT 1 R-positive neurons treated with PBS (control) or ANG II. AT 1 R-positive neurons were identified with single-cell RT-PCR after the electrophysiological recording. The results shown in Fig. 4 , A and C, indicate that perfusion of neuronal cultures with baclofen (1 M) decreased the neuronal firing rate by 39% in PBS-treated neurons; however, in ANG II (100 nM, 5 h)-treated neurons baclofen decreased the neuronal firing rate by 63% (Fig. 4, B  and C) , indicating that chronic ANG II treatment significantly increased the neuronal responsiveness to baclofen in AT 1 Rcontaining neurons (Fig. 4D) . By contrast, pretreatment with ANG II (100 nM, 5 h) had no effect on the inhibitory action of baclofen in AT 1 R-negative neurons (38% inhibition in neurons treated with ANG II, 39% inhibition in neurons treated with PBS; n ϭ 8, P Ͼ 0.05).
Effect of ANG II on neuronal responsiveness to GAR agonist muscimol. We also examined the effect of the GAR agonist muscimol on AT 1 R-positive neurons treated with control solution (PBS) or ANG II (100 nM, 5 h). AT 1 R-positive neurons were identified by single-cell RT-PCR after the electrophysiological recordings. The data are shown in Fig. 5 , indicating that perfusion of the neurons with muscimol (1 M) significantly decreased the neuronal activity by 38%, from 0.97 Ϯ 0.7 Hz to 0.60 Ϯ 0.04 Hz in PBS-treated neurons (Fig. 5, A and C) . Muscimol (1 M) produced a similar (36%) decrease in neuronal firing in ANG II (100 nM, 5 h)-treated neurons, from 1.03 Ϯ 0.11 Hz to 0.66 Ϯ 0.08 Hz (Fig. 5, B and C) . The results demonstrate that treatment of neurons with ANG II had no effect on the neuronal response to the GAR agonist muscimol.
GBR expression in brains of ANG II infusion-induced hypertensive rats. To validate our in vitro observations, we detected GBR1 and GBR2 mRNA levels with real-time PCR in the NTS of saline-or ANG II-infused rats. The results shown in Fig. 6 demonstrate that ICV ANG II infusion (15 ng⅐kg Ϫ1 ⅐day Ϫ1 ) for 2 wk in rats resulted in a significant increase in BP. Mean BP was 104 Ϯ 5 mmHg in saline-infused rats and 123 Ϯ 6 mmHg in ANG II-infused rats (Fig. 6A) . The hypertensive state in the ANG II-infused rats was associated with an 80% increase in the GBR1 mRNA levels in the NTS. However, GBR2 mRNA levels were not different in the NTS between ANG II-infused rats and saline-infused rats (Fig. 6B) . To examine whether GBR expression is also increased in other brain cardiovascular regulatory regions, we also determined GBR mRNA levels in the PVN, another important central BP regulatory brain region. The results shown in Fig. 6B demonstrate that GBR1 and GBR2 mRNA levels in the PVN were not significantly increased by ANG II infusion and thus were not different between ANG II-infused rats and saline-infused rats. The levels of GBR protein and mRNA were also examined in the NTS of rats infused ICV with ANG II (15 ng⅐kg Ϫ1 ⅐day Ϫ1 for 1-15 days). The levels of both GBR protein and mRNA were elevated by ANG II infusion. These stimulatory effects of ANG II began at day 1, reached a peak at day 3, and persisted for 15 days after the start of infusion (Fig. 6, C and D) . To confirm that GBR1 are expressed on the neurons in the NTS, we localized the GBR1 in NTS brain sections via immunohistochemistry using an anti-GBR1 specific antibody and an antibody against the neuron-specific marker NeuN. The results are shown in Fig. 7 , indicating that GBR1 are localized on neurons of NTS.
DISCUSSION
The present studies present the first evidence that ANG II increases GBR1 expression in NTS neurons. This conclusion is supported by the following observations. 1) GBR1 expression was enhanced by chronic treatment of NTS neuronal cultures with ANG II.
2) The inhibitory response to the GBR agonist baclofen was exaggerated in NTS neurons after chronic treatment with ANG II. 3) High BP resulting from chronic ANG II infusion was associated with elevated GBR1 expression within the NTS of rats. In contrast, GAR expression was not altered by chronic ANG II treatment within the NTS in vivo and in NTS neurons in vitro. The inhibitory effect of the GAR agonist muscimol on neuronal activity observed in NTS neuronal cultures was not altered by chronic ANG II treatment. These results indicate that ANG II may act directly on NTS neurons and enhance functional GBR expression, and that it is associated with elevated GBR sensitivity in NTS neurons.
Alterations in GABAergic function within the NTS are associated with chronic hypertension. An enhanced pressor response to the microinjection of baclofen into the NTS has been observed in several hypertensive animal models including spontaneously hypertensive rats (SHR), deoxycorticosterone acetate salt-induced hypertensive rats, and renal wrap hypertensive rats (11, 39, 40, 23, 43) . However, the exact mechanism responsible for the increase in neuronal response to GABA receptor activation is unknown. The observations in the present study demonstrate that GBR1 gene expression in the NTS is elevated by ANG II chronic infusion in vivo and by treatment of NTS neuronal cultures with ANG II in vitro. These results suggest that ANG II may be responsible for the enhanced pressor response to microinjection of GBR agonists into NTS in hypertensive rats, because it has been reported that the actions of ANG II are increased in the central cardiovascular regulatory regions including NTS in these hypertensive animal models (5, 18) . The hyperactivity of the angiotensin system would consequently increase GBR1 expression as observed in the present study and enhance inhibitory GABAergic neurotransmission. Exaggerated activity of the GABAergic system within the NTS may elicit an inhibitory action over baroreflex input signals, leading to an increase in sympathetic neural outflow and elevation of BP. This speculation is supported by the observations that microinjection of ANG II into the NTS results in dampening of the baroreflex, increases in sympathetic neural outflow, and elevation of BP (2) . However, there are several concerns that require further investigation.
One concern in the present study is the effect on BP of microinjection of ANG II into the NTS. Previous studies indicate that acute microinjection of this peptide into the medial portion of the NTS produces either decreases or increases in BP (1, 7, 9, 38) . This controversy has been explained in several ways, for example, differences in the volume injected, dose, and region of the ANG II injection. This controversy may be clarified by the observation that a high dose of ANG II injected into the NTS induced a brief depressor effect, followed by a long-lasting pressor action (28) . These data suggest that the pressor effect of ANG II may be the long-term action of this peptide since a high dose of ANG II may take longer to be degraded. The acute depressor and bradycardic actions of ANG II in NTS have been well documented and are thought to be mediated by substance P and nitric oxide (10, 41) . However, the chronic actions of ANG II remain to be elucidated. The present observations demonstrate that chronic ANG II treatment-induced BP elevation is associated with elevated GBR expression in NTS. The consequence of enhanced inhibitory GABAergic neurotransmission in NTS could result in baroreflex inhibition and increased SNS outflow. However, this speculation must be confirmed in future in vivo experiments.
Another set of questions concerns the intracellular signaling mechanisms underlying ANG II-induced increases in GBR1 expression in NTS neurons. The GBR1 gene promoter region contains several DNA-binding consensus sequences for transcription factors, including the cAMP response element-binding protein (CREB), the depolarization-sensitive upstream stimulatory factor (USF), and the CREB-related factor activat-ing transcription factor-4 (ATF4) (32) . Previously, we and others have demonstrated that ANG II increases phosphatidylinositol 3-kinase (PI3-kinase) activity (34, 42) and PI3-kinase is involved in the regulation of expression of several genes via phosphorylation of CREB in neurons (19, 27) . Thus it is reasonable to propose that the ANG II-induced increase in GBR1 expression may be mediated by stimulation of PI3-kinase activity. However, the situation may not be that simple. For example, Rho kinase is similar to PI3-kinase inasmuch as Rho kinase is involved in gene expression via phosphorylation of CREB and is involved in the actions of ANG II in neurons (13, 17) . Thus it is possible that ANG II-induced increases in GBR1 expression may also involve Rho kinase activation. More interestingly, in the studies on the time course of ANG IIinduced GBR1 expression, the stimulatory effect of ANG II on GBR1 protein levels in neuronal cultures peaked at 5 h and started to decline slightly after 12 h (Fig. 3B) . The reason for a lessening of the effect of ANG II on GBR1 protein expression in our experiments is not clear, but it is not due to a decline of GBR1 mRNA levels, as shown in Fig. 3C . Fig. 7 . GBR1 localization and expression in neurons of the NTS. A-C: fluorescence confocal images (ϫ10 magnification) demonstrating neurons within the NTS stained with a specific anti-GBR1 antibody (green, A) and a neuron-specific anti-NeuN antibody (red, B). C: overlap of A and B, indicating that GBR is located on neurons. D-F: fluorescence confocal images taken under high magnification (ϫ40) from a section of the NTS brain sections shown in A-C, respectively. G: location of the stained NTS brain sections shown in A-F, based on the rat brain atlas of Swanson (37a) . SPVI, spinal tract of the trigeminal interpolar part; ECU, external cuneate nucleus; CU, cuneate nucleus.
We speculate that another negative regulatory pathway, which is also triggered by ANG II after 12 h, interferes with protein translation or increases protein degradation in neurons. To summarize, the above evidence suggests that multiple mechanisms and multiple intracellular signaling pathways may be involved in the ANG II-induced increase in GBR1 expression, and these will only be confirmed by additional studies.
In conclusion, ANG II treatment increases GBR1 expression and the inhibitory response to a GBR1 agonist in NTS neurons in culture. GBR1 expression is also increased in the NTS of normal rats made hypertensive via chronic infusion of ANG II. The ANG II-induced elevation of GBR1 expression in NTS could contribute to the damping of baroreflexes by limiting baroreceptor input signals, thus leading to an increase in sympathetic outflow. Interaction between the ANG II and GABA systems may be involved in central BP resetting and the pathogenesis of hypertension.
